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ABSTRACT

A sudden increase in crater depth was observed during high irradiance (> 1010

W/cm2) laser ablation of silicon, and it is attributed to the phenomena of phase explosion.

The threshold irradiance for phase explosion showed a dependence on two laser

parameters; laser beam spot size and wavelength.  For a larger beam size and longer

incident wavelength, a higher laser irradiance was required to generate phase explosion.

The rapid increase of crater depth above the phase explosion threshold irradiance

correlated with a significant increase in the ICP-MS signal intensity.  The ratio of crater

volume to ICP-MS intensity, which represents entrainment efficiency, remained the

lowest at laser irradiances slightly above the phase explosion threshold.  However, this

ratio increased at irradiances well above the threshold (> 1011 W/cm2).  Chemical analysis

using laser ablation at irradiance above 1011 W/cm2 provides increased sensitivity via

improved entrainment and transport efficiency and increased ablation rate.
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I. INTRODUCTION

Laser ablation with inductively coupled plasma (ICP), mass spectroscopy (MS),

or atomic emission spectroscopy (AES) has been investigated extensively for direct solid

sample chemical analysis due to its advantages: any sample material, minimal sample

preparation, localized (spatial) analysis, and minimal exposure of personnel to toxic

samples1-11.  In many experimental systems, the solid sample is ablated inside a simple

chamber and the ablated mass is transported by a carrier gas to the ICP for analysis by

AES or MS.  In the ideal case, the chemical composition of the ablated mass would be

identical to the parent sample to ensure accuracy, and transport efficiency would be

maximal to enhance sensitivity. However, sampling conditions often deviate from ideal

due to factors such as preferential vaporization of elements from the sample, failure of

large particulates to be transported, and fractionation caused by incomplete vaporization

of large particulates in the ICP12-14.  For these reasons, the quantity of the ablated mass

and its size distribution are crucial factors that must be known in order to optimize the

laser parameters for samples of interest.

Irradiance is a laser parameter that can significantly influence the amount of

ablated mass and the particle size distribution1,14.  Depending on the laser irradiance and

the sample material, mass removal can occur through desorption, thermal evaporation,

surface instability of molten mass, exfoliation, phase explosion, and other mechanisms.

The mass ablation rate follows a power law with laser irradiance (I) as In. In a low

irradiance region (< 3x108 W/cm2 for a ns pulsed laser), desorption and thermal

evaporation may dominate sample removal processes15,16, and the index n is greater than

one.  A non-thermal mechanism occurs with increasing laser irradiance16 (> 3x108 W/cm2
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for ns laser) and the index n is less than one. When laser irradiance is increased further (>

1010 W/cm2), a sudden increase in mass removal occurs, and n becomes greater than

one16.  The increase in mass removal is attributed to the onset of phase explosion17.

Phase explosion is a rapid boiling process due to homogeneous nucleation in a

superheated volume of liquid near its critical state.  When a high irradiance, short (<10

nsec) pulse laser beam is focused on a sample surface, a volume of material is rapidly

melted; the molten mass can be heated beyond its thermodynamic boiling temperature.

Density fluctuations in the superheated molten pool can lead to bubble formation.

Thermodynamically, bubbles with radius larger than a critical value, rc, can grow

spontaneously while bubbles with sizes less than rc are likely to collapse. Heat transfer

from the superheated surrounding to the bubble interface enables bubble growth.

Bubbles generated throughout the superheated volume that grow to rc will expand

instantaneously. The rapidly expanding bubbles exert pressure within the volume leading

to the ejection of mass. This process is known as explosive boiling or phase explosion.

Yoo et al showed that for the ablation of bulk silicon, irradiance on the order of 1010

W/cm2 was required to generate phase explosion18.

The particle size distribution of the ablated mass depends on the ablation

mechanism.  The ablated mass may be in the form of atomic-sized vapor if desorption or

thermal evaporation dominate, whereas it may be in the form of micron-sized particulates

when liquid droplet ejection due to surface instability of molten mass occurs.  Mass

removal can also occur in the form of bulk solid flakes for an exfoliation process14, and a

mixture of vapor and large particulates from a phase explosion process17,18.
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The significant increase in ablated mass quantity and generation of large

particulates due to phase explosion will impact transport efficiency and ICP-AES or MS

signal intensity.  To the best of our knowledge, there have not been any studies that

investigated the effect of phase explosion on transport efficiency or ICP-MS and AES

signal intensity.  In this work, crater depths were measured below and above the phase

explosion threshold to show the significant increase in mass removal once phase

explosion occurs. Above the phase explosion threshold, large particulate ejection was

observed by shadowgraph images. The dependence of the threshold irradiance for phase

explosion on various laser parameters such as the beam spot area and wavelength was

investigated.  A correlation of crater depth and volume data with the ICP-MS signal

intensity was made over the irradiance range in which phase explosion occurred.  The

sudden increase in crater depth at the phase explosion threshold irradiance is seen in the

ICP-MS integrated intensity.  The ratio of ICP-MS integrated intensity to net crater

volume (volume below the original surface subtracted by the volume above) was

estimated over the irradiance range in which phase explosion occured.  Crater volume is a

close estimation of mass removed from the sample, whereas the integrated ICP-MS

signal over the sampling time is proportional to the mass reaching the ICP.  The behavior

of this ratio over the investigated irradiance range shows how the entrainment and

transport efficiency of the ablated mass vary before and after phase explosion.

II. EXPERIMENTAL SECTION

The experimental system for laser ablation sampling includes an ICP-MS (VG

Elemental, PQ3), a 3 ns Nd:YAG laser (Coherent, Infinity), and an ablation cell. The
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laser beam spatial power profile is close to Gaussing. Si samples were used in this work.

Ablated mass was transported to the ICP torch along a 1.4 m polyethelene tube with 4.1

mm i.d.  The ICP-MS was operated at forward RF power of 1350 W and gas flow rates of

14, 1.0, and 1.0 L min-1 for plasma, auxiliary, and carrier flows, respectively.  The ICP-

MS lens voltages were optimized to achieve maximum sensitivity for 29Si.  The ICP-MS

was operated in a single-ion-monitoring mode.  Time-resolved ICP-MS signal intensity

for 29Si was measured during single pulse laser ablation of the sample, with a dwell time

of 12 ms and 3 points per peak.  Depending on the laser irradiance it took about 20 - 30 s

for the signal intensity to return to the background level.  The laser pulse was fired

following a delay of 3 sec after starting the ICP-MS data acquisition.  Intensity data

recorded during the time delay were used for background correction.  The integrated

intensity reported herein is defined as the ICP-MS 29Si intensity integrated over the

acquisition time after background subtraction.

The morphology, depth, and volume of the craters were measured with a white

light interferometric microscope (Zygo, NewView 200).  The shadowgraph-imaging

experimental setup for observing particulate ejection from the ablated surface is shown in

figure 1.  A Nd:YAG laser (Coherent, Infinity) was used as the ablation laser. A

Continuum YG601 Nd-YAG laser (FWHM = 35 ps, λ = 532 nm) was used as a probe

beam.  The probe beam was aligned parallel to the silicon surface and perpendicular to

the ablation beam, and directed to a CCD camera (Photometrics Model CH250/A).  The

time delay between the ablation pulse and the probe pulse, which ranged from 5 ns to 30

µsec, was controlled by using a four-channel digital delay/ pulse generator (Stanford

Research Systems, Model DG535).
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III. RESULTS AND DISCUSSION

a) Phase explosion

Phase explosion occurs when the sample is rapidly heated beyond its normal

boiling temperature and becomes a metastable liquid near its critical state. While in this

state, slight perturbation in density can lead to the initiation of vapor nuclei in the

superheated liquid, which was known as homogeneous nucleation. Once these vapor

bubbles reach a critical size, further growth is spontaneous and the superheated volume

explodes17-19. A dramatic change in the crater depth observed at different laser irradiances

is an indication of phase explosion (Figure 2).  These data show the crater cross section

profiles in silicon at two laser irradiances; one slightly below the threshold (20 GW/cm2)

and one slightly above (24 GW/cm2). Each crater was produced by using one laser pulse.

For the 3 ns laser pulse with wavelength of 266 nm and spot size of 35 µm, the threshold

irradiance was approximately 22 GW/cm2.  Below the threshold irradiance, the crater was

characterized by a smooth bottom and a rim that surrounded a thermally affected area.

Just above the threshold, the crater was significantly deeper with rough bottom and

minimal surface rim.  Once phase explosion occurred, there was a significant increase in

the quantity of mass removed, as evidenced by a more than four fold increase in the

crater depth (note y-axis scale change); the crater depth changed dramatically to

approximately 7 µm.

Particulate ejection resulting from phase explosion of the surface was observed by

shadowgraph imaging when the laser irradiance was greater than the threshold (22
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GW/cm2); below the threshold particulate ejection was not observed. However, in the

lower laser irradiance region, sub-micron particles do exist but cannot be detected by the

imaging system. Sub-micron particles result from splashing of the molten liquid by

plasma recoil and condensation of vapor.  Figure 3 shows time-resolved shadowgraph

images of the mass ejection at 39 GW/cm2, which is above the phase explosion threshold

for the 35 µm beam size.  Shock wave propagation is observed shortly after the laser

pulse.  After the shock wave passes, there is a time period lasting ~ 300 - 400 nsec where

mass removal was not observed.  Approximately 400 nsec after the laser pulse,

significant mass was ejected from the silicon surface. The ejection of these particulates

lasts for about 30 µsec. A precise determination of the ejected particulate sizes is difficult

due to the presence of diffraction rings around the particles in the images.  Larger

particles will have fewer diffraction rings and a sharper boundary. The size of the large

particles is estimated to be approximately 10 microns. In these images, there are

approximately 10 particles in the space of 400µm x 500 µm. The volume of these

particles is approximately 4000 µm3. The volume of the crater from this irradiance was

approximatley 6000 µm3. Considering that some particles are left on the surface and

small particles cannot be measured, the data suggest that the deep crater was mainly

formed by the ejection of the larger size (~10 µm) particles.

The threshold of crater depth at 22 GW/cm2 was not caused by the ignition of the

plasma due to the inverse Bremsstrahlung absorption. An estimate of the irradiance

threshold thrΦ  for plasma ignition is given by the relationship20: Bthr ≥Φ )( τ , where τ

is the laser pulse duration and , 22/14104 −⋅⋅×≈ cmsWB  for τ  in the range of

millisecond to nanosecond. In this experiment, the laser pulse duration was 3 ns ;
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therefore, the estimated threshold for plasma ignition is :  28 /107 cmWthr ×≈Φ . The

plasma ignition threshold is almost two orders of magnitude lower than the threshold

observed in this work. After plasma ignition, an approximate, material-independent

relation between ablation depth, plasma temperature, and electron number density with

laser irradiance can be derived based on plasma heated by inverse bremsstrahlung

absorption21. The measured ablation depth, plasma temperature, and electron number

density versus laser irradiance are in good agreement with the theoretical model22. The

agreement of experiment and theory indicates the plasma ignition occurs at an irradiance

below the threshold observed in this work. Balazs et. al.23 calculated melt depth to be 2

µm at 1.2 GW/cm2. Splashing of molten material due to the vapor recoil also occurs in

the lower irradiance region. But, splashing of molten material due to recoil pressure

cannot explain the sudden change in crater depth. For laser irradiances above the

threshold, the observed crater characteristics were attributed to phase explosion (or

explosive boiling) in conjunction with induced-transparency of the liquid silicon near the

thermodynamic critical temperature. A detailed theoretical phase explosion model can be

found in reference [18], which demonstrates a good agreement between theory and

experimental results.

The existence of phase explosion can have several important effects for laser

ablation solid sampling. Obviously, the quantity of mass is significantly increased which

will influence sensitivity. Also, a change in the size distribution of the ejected mass

occured, which will influence entrainment and transport efficiency to the ICP. Finally,

phase explosion may be a region in which the ablated volume is independent of the
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material properties. If this is the case, quantitative analysis would be possible using non-

matrix matched standards. Also fractionation may be relatively less. These later two

effects will be investigated in future research.

  b) Phase explosion threshold

The effects of different laser conditions on the threshold irradiance for phase

explosion were investigated in this work.  Single-pulse ablation of the single crystal

silicon sample was sudied by varying three parameters; laser irradiance (109 ~ 1012

W/cm2), beam spot size (18 ~ 70 µm), and wavelength (λ = 266, 532, and 1064 nm).  The

threshold irradiance was found to be dependent on the laser wavelength and the beam

spot size. The ablated crater depths as a fuction of laser irradiance are plotted for three

wavlengths in Figure 4.  For the 35 µm laser beam diameter, the 266 nm induced phase

explosion at an irradiance of ~ 22 GW/cm2, followed by 532 nm at an irradiance of ~ 420

GW/cm2 (roughly one order of magnitude higher).  At 1064 nm, phase explosion was not

observed over the available irradiance range of these studies.

Stronger plasma shielding and deeper optical penetration depth as the wavelength

increases can be resposible for the change in phase explosion threshold.  Plasma shielding

reduces the quantity of laser energy available for heating the sample and the larger optical

penetration depth leads to volumetric heating of the sample; a higher irradiance is requied

to heat the irradiated volume to its critical state.  The ablated mass, which contains both

ionized and neutral species of atoms and molecules, formed by the early part of laser

pulse, can interact with the latter part of the pulse, effectively absorbing the laser energy

and shielding the target from the incident radiation.  Liu et. al. showed that for UV laser

irradiances significantly below the phase explosion threshold, the plasma was sufficiently
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ionized; electron-ion inverse bremsstrahlung may dominate absorption for UV

radiation22.  The absorption coefficient αp (cm-1) for electron-ion inverse bremsstrahlung

is proportional to 2/322 / Tni λ  where in , T, and λ are ion density, temperature of the

plasma, and the incident light wavelength22.  Therefore, at longer wavelengths,

substantially higher absorption of the incident radiation can occur by the plasma and less

radiation energy will be transmitted to the sample surface 24-26.

Another factor that could contribute to a higher threshold irradiance at longer

wavelengths is the wavelength-dependent optical penetration depth in silicon.  At 266

nm, the optical penetration depth is on the order of ten nanometers; the incident optical

energy is absorbed in a very small region near the surface, rapidly increasing its local

temperature.  At 532 nm, the optical penetration depth increases to hundreds of

nanometers, which is still an order of magnitude less than the thermal diffusion length (~

1 µm)  for the 3 ns laser pulse.  Therefore, as with the 266 nm radiation, the optical

energy is deposited in a relatively shallow region near the surface and dissipated

primarily thorugh heat conduction into the bulk sample.  At 1064 nm, the optical

penetration depth (~ 200 µm) is two orders of magnitude greater than the thermal

diffusion length; the absorption of the incident radiation and subsequent heating will be

volumetric.  Since heating occurs over a substantially larger volume, the temperature will

be less than at 266 and 532 nm.  At 1064 nm, strong plasma absorption and volumetric

heating may prevent the sample from attaining the superheated liquid state for the

duration required for vapor nuclei to grow to the critical size.

The threshold irradiance for phase explosion was found to be dependent on the

laser beam spot size.  Figure 5 shows the dependence of the threshold on the laser beam
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sizes for λ = 266 nm and 532nm. For both 266 and 532 nm, the threshold irradiance

increased for a larger beam diameter.  The dependence of phase explosion threshold

irradiance on the laser beam size can be explained in terms of plasma expansion

dynamics.  For small beam sizes, the expansion of the plume is spherical, occurring in

three dimensions during the laser pulse. When the beam diameter is small,  a three

dimensional expansion of the plasma occurs during the laser pulse27.  A reduction in the

plasma expansion dimension for larger beam diameters will result in a decrease in the

effective volume of the plasma layer, and hence higher ion/electron number density.

Increased ion/electron density increases the plasma absorption of incident radiation;

therefore, a higher irradiance will be required to initiate phase explosion.

c) Correlation of crater depth with ICP-MS intensity

The MS signal intensity is proportional to total mass removed from the sample and

transported to the ICP 28,29.  For constant ICP conditions, the change in the relationship

(slope) of ICP-MS intensity versus laser irradiance can signify a change in the ablation

and transport processes. At the onset of phase explosion, there is a dramatic increase in

both crater depth and volume; the enhanced mass removal should result in a rapid rise in

the ICP-MS integrated signal intensity. Figure 6 shows the ICP-MS integrated intensity

and crater depth as a function of laser irradiance for the silicon sample ablated using a 45

µm beam diameter spot size.  A sharp increase, and subsequent saturation in the crater

depth were observed with the threshold at approximately 5x1010 W/cm2.  Below the

threshold, the total ICP-MS integrated intensity increased slowly with laser irradiance on

a log-log scale.  Beyond the threshold, the slope was much greater.  Similar behaviors
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were observed for laser beam spot sizes of 35, 55 and 65 µm. In general, a larger beam

size yields a higher integrated signal intensity due to more mass removed from a larger

area.  Even though the growth of the crater depth and net volume (the volume below the

original surface subtracted by the volume above) rolls off above 200 GW/cm2 in figure 6,

the ICP-MS signal continually increases above this irradiance.  Despite the roll-off of the

total mass ablated from the sample, more mass is entrained and transported to the ICP at

the higher irradiances.  The reason for this trend is not yet fully understood; some

possible explanations are discussed in following section.

d) Entrainment and transport efficiency dependence on laser irradiance

The ablated particle size distribution changes once phase explosion occurs;

particulates larger than 10 micron were observed above the phase explosion threshold

(c.f. figure 3). Large particulates will not be entrained into the argon gas flow and will

fall into the ablation chamber and in the transport tubing due to gravity14.  Thus, in the

irradiance range where phase explosion occurs, entrainment and transport to the ICP

should decrease.  To assess the effect of phase explosion on particulate entrainment and

transport efficiency, the ratio of the net ICP-MS intensity (integrated counts with

background subtraction) to the net crater volume was measured for laser irradiance from

5x109 to 1x1012 W/cm2 for several beam spot sizes (figure 7).  The ratio decreased

gradually up to the phase explosion threshold irradiance, stays flat at a minimum value,

and then rises again at ~100 GW/cm2.  The observed decrease in the ratio for increasing

irradiance below the threshold is consistent with previous data by Jeong et al using glass
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samples14.  The decrease is likely due to the increase in the number of larger particulates.

Once phase explosion occurs, the ratio (transport efficiency) remained at its lowest value.

The fact that the ratio increases well above the phase explosion threshold is

interesting. At this irradiance region, the crater depth rolled off, but the ICP-MS signal

continually increased. The reason is unclear. One possibility is that at higher irradiance,

strong absorption of the incident laser light by the plasma could create a high temperature

and pressure region through which the particulates must traverse. The large particulates,

upon interacting with the hot dense plasma, can be broken into smaller size particulates

that will be better entrained and transported.

IV. CONCLUSION

This work has demonstrated the existence of phase explosion and its influence on

ICP-MS signal intensity. The threshold irradiance for phase explosion has dependence on

both laser wavelength and beam spot size; higher threshold irradiance and smaller beam

size were required for longer wavelengths to induce phase explosion. Although

entrainment and transport efficiency were minimal at the phase explosion threshold, they

increased substantially above the threshold.  In this irradiance range, the hot and dense

plasma layer may be effective in breaking the large particulates into smaller sizes that are

readily entrained and transported.

Using high irradiance above the phase explosion threshold may have several

benefits for laser solid sampling.  A composite sample material can be heated

instantaneously and a pool of superheated liquid, comprised of all elements above the

boiling point, may form.  This rapid heating of the sample to a temperature near the

critical state may eliminate factors such as preferential vaporization and elemental
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fractionation, leading to good stoichiometric representation of ablated mass. Phase

explosion was not only observed in single crystal silicon, but also in other metal and glass

samples. Another reason for looking the phase explosion region is to determine if we can

identify a material independent region; i.e. an irradiance region where the quantity of

mass ablated is independent on material properties. Such work is ongoing and will be

reported in the near future.
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FIGURE CAPTION:

Figure 1. Laser shadowgraph imaging experimental setup. The pump beam is a 266

nm, 3 ns Nd:YAG laser beam. The probe beam is a 532 nm, 35 ps

Nd:YAG laser beam. A detail of shadowgraph setup was insert on the top

left of the graph.

Figure 2. Cross sectional images of the crater for a) laser irradiance slightly below

the phase explosion threshold (20 GW/cm2) and b) laser irradiance slightly

above the threshold (24 GW/cm2).  The focused laser spot was 35 µm and

the phase explosion threshold was at 22 GW/cm2.

Figure 3. Sequence of mass ejection images obtained by laser shadowgraphy for the

laser irradiance of 3.9x1010 W/cm2.

Figure 4. Dependence of crater depth on incident wavelength for laser beam spot

size of 35 µm.

Figure 5. Dependence of phase explosion threshold on laser beam sizes at λ = 532

nm and 266 nm.

Figure 6. Correlation of ICP-MS signal with the crater depth for high irradiance

laser ablation of silicon involving phase explosion.

Figure 7. Ratio of ICP-MS intensity to crater volume as a function of laser

irradiance.


